We study two simple and well motivated nonuniversal gaugino mass models, which predict higgsino dark matter. One can account for the observed dark matter relic density along with the observed Higgs boson mass of 125 GeV over a large region of the parameter space of each model, corresponding to higgsino mass of 1 TeV. In each case this parameter region covers the gluino mass range of 2-3 TeV, parts of which can be probed by the 14 TeV LHC experiments. We study these model predictions for LHC in brief and for dark matter detection experiments in greater detail.
Introduction
Supersymmetry, in particular the Minimal Supersymmetric Standard Model (MSSM) [1] [2] [3] offers a natural candidate for the dark matter [4, 5] of the universe in the form of the lightest supersymmetric particle (LSP). Astrophysical constraints require it to be a colourless and neutral particle, while direct detection experiments disfavour a sneutrino dark matter [6] .
Thus the favoured dark matter (DM) candidate in the MSSM is the lightest neutralino χ 0 1 which could be any combination of the neutral gauginos like bino (B), wino (W ) and higgsinosH DHU i.e. 
Here N ij for i, j = 1 − 4 refers to elements of the matrix that diagonalizes the neutralino mass matrix [3] .
In the simplest version of this model, called the constrained MSSM (CMSSM) or the minimal Supergravity (mSUGRA) model [3, 7] , the lightest neutralino as a dark matter candidate [4, 5] is dominantly a bino over most of the parameter space. Since a bino does not carry any gauge charge, its main annihilation mechanism is the so called bulk annihilation process via sfermion exchange. But the Higgs boson mass bound of 114 GeV from LEP [8] implied large sfermion masses in this model [9] , which is much reinforced now with discovery of Higgs boson at the LHC with a mass of about 125 GeV [10] . This implies a very inefficient bulk annihilation process, resulting in an overabundance of dark matter relic density over most of the parameter space. We shall see below that there are only a few strips of parameter space available in CMSSM giving cosmologically compatible dark matter relic density i.e.
the stau coannihilation, the resonant annihilation, the focus point and the higgsino dark matter regions [11, 3] -each of which requires some amount of fine-tuning between SUSY parameters. Moreover, large parts of the stau coannihilation and the resonant annihilation regions are disfavoured by the Higgs boson mass of about 125 GeV, while most of the hyperbolic branch [12, 11] /focus point [13] region is disfavoured by the recent direct dark matter detection experiments [14] . While the higgsino dark matter region is unaffected by these results, it corresponds to squark and gluino masses > ∼ 8-10 TeV in this model, which cannot be probed at the LHC [14, 15] . Therefore this region has little practical interest at least for LHC experiments.
In this work we shall study the phenomenology of higgsino dark matter in some simple and predictive nonuniversal gaugino mass (NUGM) models based on SU(5) grand unified theory (GUT) [16] [17] [18] [19] [20] [21] [22] [23] [24] . The gaugino mass term in the GUT scale Lagrangian is bilinear in the gaugino fields, which belongs to the adjoint representation of the GUT group. Thus for the 24 dimensional representation of SU(5) the above must transform like one of the representations 1 occurring in their symmetric product [22] :
(24 × 24) symm = 1 + 24 + 75 + 200 .
The mSUGRA model considers the singlet representation for the gaugino mass term, implying a universal gaugino mass at the GUT scale. On the other hand, any of the three nonsinglet representations implies nonuniversal gaugino masses at the same scale. Each of these three NUGM models is as predictive as the CMSSM. We shall see below that the 24 model predicts a bino dominated dark matter as in the case of the CMSSM. But the 75 and the 200 models predict higgsino dominated dark matter over the bulk of their parameter spaces. Thus one can obtain the right amount of dark matter relic density by considering a higgsino mass of ∼ 1 TeV [11, 24] . Unlike the CMSSM, however, this is achieved here naturally with a significantly reduced degree of fine-tuning between SUSY parameters [25] .
Moreover, for both these NUGM models, the cosmologically compatible relic density regions of higgsino dark matter correspond to gluino mass range of 2-3 TeV, at least a part of which can be probed by the 14 TeV LHC experiments. Therefore these nonuniversal gaugino mass models should be of great phenomenological interest in the near future.
Section 2 gives a brief overview of the above mentioned universal and nonuniversal gaugino mass models. Section 3 summarizes the phenomenology of the dark matter relic density compatible regions of the CMSSM. Section 4 describes the dark matter relic density compat- 
Nonuniversality of Gaugino Masses in SU(5) GUT
The gauge kinetic function that relates to the gaugino masses at the GUT scale originates from the vacuum expectation value of the F-term of a chiral superfield Φ which causes SUSY breaking. Thus the gaugino masses are obtained via a non-renormalizable dimension-
Here λ 1,2,3 are the U(1), SU(2) and SU(3) gaugino fields bino, wino and gluino respectively.
Since gauginos belong to the adjoint representation of the GUT group, Φ and F Φ can belong to any of the irreducible representations occurring in their symmetric product (Eq. 2), i.e.
1, 24, 75 or 200. Thus the unification scale gaugino masses for a given representation n of the SUSY breaking superfield are determined in terms of one mass parameter m
where the values of the coefficients C n 1,2,3 are listed in Table 1 [16] . The coefficients C n 3 are conventionally normalized to 1.
The CMSSM assumes the SUSY breaking superfield Φ to be a singlet, implying universal gaugino masses at the GUT scale. On the other hand, any of the three nonsinglet representations of Φ would imply nonuniversal gaugino masses as per and their phenomenology have been widely studied [16] [17] [18] [19] [20] [21] [22] [23] [24] . The superparticle masses at the electroweak scale are related to these GUT scale gaugino masses along with the universal scalar mass parameter m 0 and trilinear coupling parameter A 0 , via renormalization group equations (RGE). In particular, the gaugino masses evolve like the corresponding gauge couplings at the one-loop level of the RGE, implying 
The strips of red dots indicate the cosmologically compatible dark matter relic density regions, satisfying WMAP [37] /PLANCK [38] data,
They are usually classified into the following four regions 4 .
1. Stau coannihilation region is the short strip adjacent to the lower boundary in the Fig.1(a) , where the LSP dark matter co-annihilates with a nearly degenerate stau, χ 0 1τ 1 → τ γ(Z) via s-channel τ or t-channelτ exchange. It requires a degeneracy between the bino dark matter and the stau masses to within 10-15 %.
2. The resonant annihilation region is the funnel shaped strip in Fig.1 Note that both the stau coannihilation and resonant annihilation regions require some finetuning between independent SUSY mass parameters. Besides, large parts of both regions are disfavoured by the Higgs boson mass constraint. 3 The limits correspond to a 5σ range of the PLANCK data that accommodates well the WMAP provided range. 4 We will ignore here the so called bulk-annihilation region characterized by LSP pair annihilation via t-channel slepton exchange since it occurs for smaller m 1/2 zone that is excluded by the Higgs mass data. 
One can have a substantial cancellation between the two terms on the right hand side, CLIC [24, 39] . But it is generally believed that there will be no CLIC if there is no SUSY signal at the LHC. In that sense this region seems to be of little practical interest at least for the colliders.
We shall see below that one obtains a higgsino LSP dark matter of mass 1 TeV in the 75 and 200 models with many properties similar to those of CMSSM, but with two major advantages. It occurs naturally in these nonuniversal gaugino mass models, without requiring any large cancellation between independent SUSY parameters. Moreover, the corresponding gluino and top squark masses lie over the 2-3 TeV region, at least a part of which are within the reach of 14 TeV LHC.
Phenomenology of Higgsino Dark Matter in the 75
Model , while in the strip ABC near the lower boundary there is additional co-annihilation with the lighter stop (t 1 ). In the regions III and IV we obtain underabundant and overabundant DM respectively for Fig.2(a) , whereas the regions labelled with III and IV correspond to only underabundant DM in Fig.2(b) . These cross-sections correspond to several hundred gluino pairs at 100 fb −1 which can be probed in the high luminosity run of LHC. Moreover, the probe can be extended up to a gluino mass of 2.5 TeV at the very high luminosity runs of 1000-3000 fb −1 [42] . We note that Table 2 shows an inverted hierarchy of squark masses with a relatively light stopt 1 . Together with the large coupling of stop with higgsino, it implies that the gluino will dominantly decay via a real or virtual stop:g → ttχ 0 1,2 . Thus one expects a distinctive signal with four top quarks along with a large missing E / T from the gluino pair decay. We hope the members of the ATLAS and CMS collaborations will make detailed simulation studies of this signal, which is beyond the scope of the present work. We shall proceed now to the model predictions for the direct and indirect dark matter detection experiments.
The spin-independent scattering cross section σ 
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for µ > 0 and µ < 0 respectively with s W = sin θ W etc. The particular result to note from the above equation for the higgsino dominated LSP case is that the direct detection SI crosssection decreases with increase in gaugino masses M 1 and M 2 . Thus for a given m 1/2 , the 75 model will have a decreased value for σ
because of larger values of masses of bino and wino when compared with the mSUGRA scenario. Fig.3(a) and Fig.3(b) show the results of σ
for different values of the mass of the LSP for tan β = 10 and tan β = 30. This corresponds to the parameter space of Fig.2 . The exclusion contours from XENON100 [44] and LUX [45] are also shown in addition to the estimated exclusion level for future XENON1T [46] 
for µ > 0 and µ < 0 respectively. We note that for the relic density satisfied region of parameter space, a higgsino dominated LSP when associated with sufficiently large electroweak gaugino masses (which is indeed true for both the NUGM models considered in this work)
results into a significant amount of suppression of σ SD pχ . This is visible in Fig.4 (a) as well as in Fig.4(b) , the scatter plots of σ Here, the spin-dependent cross section is obtained via indirect means of searching for muon neutrinos at IceCube [48] arising out of dark matter annihilation within the Sun. We will also discuss the muon flux limit in relation to the mass of dark matter in this section. We may mention that in the present scenario, the IceCube limits are stronger [49, 50] than the dedicated spin-dependent direct detection experiments like COUPP [51] . . We remind ourselves that LSP being a Majorana particle the combined CP-property and the combined parity of the LSP-pair are the same. This makes the favored s-channel particle namely the CP-odd Higgs boson A to contribute dominantly toward the photon signal which on the other hand is p-wave suppressed as discussed above.
We note that a larger higgsino content is generally favourable for photon signal. However, component may undergo pair annihilation to produce gauge bosons which in turn may produce high energy neutrinos. We must keep in mind that neutrinos of energy several hundreds of GeV produced inside the Sun would be depleted since the probability of a neutrino to escape the Sun without interaction is given by P = e −Eν /E k where E k specific to the types of neutrino ranges from 130 to 230 GeV [5] . Neutrino oscillation is taken into account while computing the flux of muon neutrinos at the detector. At the detector muon flux are detected that arise from neutrinos via charge-current interactions.
Neutrino signals from the Sun or a dense region of galaxy in general involves capture and annihilation of WIMPs. In general both spin-independent and spin-dependent types of scattering of WIMPs with various nuclei may lead to appreciable reduction of energy leading to WIMP velocity to go below the escape velocity. This leads to WIMPs being captured within the object and also undergoing pair annihilations. Thus the time evolution of N WIMPs reads,
Here C refers to the rate at which WIMPs are captured and C A depends on the annihilation cross section of WIMPs and is related to the WIMP annihilation rate Γ A via Γ A = 
With appreciably large capture and annihilation rates that indeed is possible for the Sun for various models including Supersymmetry and with the present time t = t = 4.5 × 10 9 years, it is realistic to assume
C. This of course means an equilibrium scenario out of capture and annihilation of WIMPs [57] . This is however not true for capture and annihilation of WIMPs in the Earth which is much less massive leading to much smaller escape velocity or it has the dominance of spin-independent interactions in the WIMP-nuclear scattering resulting into reduced capture rates for WIMPs. Thus probing DM via muon flux due to neutrino propagation is not so promising for the Earth when compared to the prospect of the same for the Sun [5] . We must note that both SI and SD cross-sections are important for capture of WIMPs in the Sun [58, 53] . Capture cross section may be related through suitable models to SI and SD WIMP-nuclear cross sections and it is through such relations measurement of muon flux due to neutrino signal may be translated into setting limits on SI and SD cross sections [5, 53] . Table 3 shows the super-partner masses and other data of phenomenological interest for three benchmark points each for tan β = 10 and 30 corresponding to Fig.7(a) and Fig.7(b) respectively. The mass patterns are more or less not very different from the 75 model.
However, we must keep in mind that M G 1 is significantly larger (by a factor of 2) whereas M G 2 is smaller (by a factor of 2 3 ) for the 200 model when compared with the 75 model (see Table 1 model. The last row shows the gluino pair-production cross-section (NLO) at the 14 TeV LHC using Prospino [41] . Typically these would correspond to fewer gluino pairs compared to the 75 model. Nonetheless they correspond to around 100 events in the high luminosity 100 fb −1 run of LHC. Fig.8(a) and Fig.8(b) show the scatter plots of the spin-independent direct detection cross section of neutralino dark matter with respect to the mass of LSP in the 200 model for tan β = 10 and 30 respectively. The exclusion contours from XENON100 [44] and LUX [45] are also shown in addition to the estimated exclusion level for future XENON1T [46] Consequently, a larger region of parameter space in the 200 model is excluded via the LUX limit in comparison with the 75 model (Fig.3) . in red dots) is way too small to be probed via the shown IceCube exclusion limits (both the existing and the projected limits). As mentioned before, here the spin-dependent cross section is obtained via indirect means of searching for muon neutrinos at IceCube [48] arising out of dark matter annihilation within the Sun. We note that in comparison with the 75 model (Fig.4 ) the SD-cross section is little larger in the 200 model because of relatively smaller mass of wino (Eq.11). We will soon discuss the muon flux limit in relation to the mass of dark matter. Moreover, it implies gluino masses in the region of 2-3 TeV in these models, at least a part of which is accessible to high luminosity LHC runs at 14 TeV. We list the SUSY spectra for a set of bench mark points in this region of the two nonuniversal guino mass models along with the corresponding gluino pair-production cross-sections at 14 TeV LHC. We also briefly discuss the distinctive signatures of these signal events. We then discuss the prospects of detecting these two model signals in various direct and indirect DM detection experiments.
For both the models these signal cross-sections turn out to be quite small. The smallness of spin-independent direct detection cross-section σ show that a significant amount of parameter space is allowed by LUX and will be probed by future direct detection experiments like XENON1T. We also evaluate the spin-dependent cross-section σ SD pχ for the two models. It is found that for the characteristic zones of m χ 0 1 that satisfy the relic density limits, the masses of bino and wino are sufficiently high so as to cause some suppression effect. σ SD pχ becomes quite small to be probed via IceCube. Regarding the indirect detection signals, the photon signal intensity is small because of general lack of s-channel Higgs resonance arising out of the characteristic spectra of NUGM models that involve the given mass relations among gaugino mass parameters, RGEs and REWSB. The thermally averaged annihilation cross-section lies well below the Fermi-LAT limit. Similarly the muon flux values are too low to be probed by IceCube. One finds that the two NUGM models would be probed better via measurement of spin-independent direct detection cross section via XENON1T rather than any other direct and indirect detection of dark matter experiments. 
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